Bacteroides thetaiotaomicron, B. ovatus, and Bacteroides sp. strain 3452A (an unnamed DNA homology group) have a DNA-DNA cross-homology of 30 to 40% with each other, whereas their cross-homology with other colonic Bacteroides species is much lower (4) . These three species also resemble each other in that they can utilize some polysaccharides, such as chondroitin sulfate, that are not utilized by other Bacteroides species (16) . If polysaccharides such as chondroitin sulfate are important sources of carbon and energy for these species in the colon, the genes that code for key proteins in the breakdown pathway might have been more conserved than other genes. Alternatively, these species could have evolved completely different strategies for polysaccharide breakdown. If so, such differences might indicate that the organisms occupy different ecological niches. To gain some insight into how different the polysaccharide-degrading systems of these three organisms might be, we compared the proteins that are involved in the first steps of chondroitin sulfate breakdown.
Chondroitin sulfate breakdown by B. thetaiotaomicron has been studied in some detail. B. thetaiotaomicron produces two chondroitin sulfate-degrading enzymes, chondroitin lyase I and II (9) . These enzymes are inducible by chondroitin sulfate (14) , are cell-associated (15) , and are very similar with respect to molecular weight and kinetic properties (9) . In addition to the two chondroitin lyases, there are chondroitin sulfate-associated outer membrane polypeptides (6) . No function has yet been proven for these outer membrane polypeptides, but they may be responsible for bringing chondroitin sulfate into contact with the periplasmic chondroitin lyases (6, 15) . No previous work has * (5, 15) . For batch cultures, the atmosphere was a mixture of oxygen-free carbon dioxide (20%) and nitrogen (80%), and the concentration of carbohydrate was 5 mg/ml. Chondroitin sulfate III, chondroitin sulfate A, chondroitin sulfate C (Sigma Chemical Co., St. Louis, Mo.), and glucose were autoclaved in the medium. Glucuronic acid was filter sterilized and added to the autoclaved medium. For the continuous cultures that were used in the induction experiments, the atmosphere was oxygen-free carbon dioxide and the concentration of glucose was 2 mg/ml. In continuous-culture experiments to determine growth yield on chondroitin sulfate, the limiting carbohydrate was chondroitin sulfate III (2 mg/ml). Continuous culture techniques have been described previously (5) .
The rate at which chondroitin lyase activity increased after bacteria had been exposed to chondroitin sulfate was measured as described previously (14) . Briefly, bacteria CHONDROITIN SULFATE UTILIZATION BY BACTEROIDES SPP. were equilibrated in glucose-limited continuous culture at a generation time of 10 h. Bacteria were then removed from the continuous-culture vessel and mixed with chondroitin sulfate type A (Sigma). Anaerobic conditions were maintained throughout. At intervals, samples were removed and the specific activity of chondroitin lyase was determined.
Localization, purification, and characterization of chondroitin lyases. The location of chondroitin lyase activity was determined as described previously (15) . The purification of chondroitin lyases from Bacteroides sp. strain 3452A and B. ovatus was essentially the same as described previously (9) , except that the phosphate buffer concentration was 20 mM and the heparin agarose affinity column was eluted with a linear gradient of 0. 15 to 0.45 M NaCl in 20 mM phosphate buffer (pH 7.6). Enzyme assays and kinetic studies were carried out as described by Linn et al. (9) . Molecular weight determinations. Native molecular weights of the enzymes were estimated by gel filtration chromatography on a Sephacryl S-300 column (1.5 by 60 cm). The column was equilibrated and eluted with 0.15 M NaCl in 20 mM phosphate buffer (pH 7.6). Fractions (1.0 ml) were collected and analyzed for chondroitin lyase activity or protein concentration (A280). Molecular weight standards were thyroglobulin (670,000), 3-amylase (225,000), ovalbumin (45,000), and myoglobin (18,000). Denatured molecular weights of the enzymes were determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) as described by Laemmli (8) . The separating gel was an 8 to 15% acrylamide gradient.
Renaturation studies. To ascertain that a particular polypeptide on the SDS-PAGE gel was actually the chondroitin lyase, a modification of the renaturation procedure of Burgess and Hager (1) was used to obtain active enzyme from SDS-PAGE gels. Chondroitin lyase samples (1.0 total enzyme unit) in SDS sample buffer (5.0%,-mercaptoethanol, 20% glycerol, 3.0% SDS, 0.063 M Tris, pH 6.8) were applied to cylindrical SDS-PAGE gels (0.9 by 10 cm; 8.75% acrylamide separating gel). After electrophoresis the cylindrical gels were not stained for protein, but were cut into 1.0-cm slices and placed in 15-ml glass tubes which had been treated with Sigmacote (Sigma). Elution buffer (1.0 ml of elution buffer per 1.0-cm gel slice) was added, and the protein was eluted for 9.0 h at room temperature with occasional stirring (1). The eluted protein was then treated as described by Burgess and Hager (1) . Molecular weight markers and the preparation containing chondroitin lyase protein were run on parallel cylindrical gels, and protein was visualized by Coomassie blue staining. Chondroitin lyase activity in the eluant from the gel slices was assayed as described previously (9) . The products which resulted from the action of renatured chondroitin lyase on chondroitin sulfate A were resolved by descending paper chromatography in glacial acetic acid-n-butanol-1 M NH40H (3:2:1) as described previously and compared with authentic standards (15) .
Peptide mapping. The protein that was used for peptide digests was run on a 10% polyacrylamide SDS-PAGE gel (0.8 mM). Protein in the SDS-PAGE gel was first visualized by staining and destaining the gel with Coomassie blue R250 in 40% methanol-10% acetic acid and 10% methanol-10% acetic acid, respectively, and the appropriate band was then cut from the gel. Partial digestion of the protein in the gel slices with N-chlorosuccinamide was performed by the procedure of Lischwe and Ochs, and the gel slices were loaded onto a 15% acrylamide (0.9 mM) SDS-PAGE gel to separate the peptide fragments (10) . After electrophoresis, the gel was silver stained by the method of Burk and Eschenbruch (2) . Peptide digests of different preparations of the same chondroitin lyase gave reproducible patterns.
Southern blot analysis. The gene that codes for B. thetaiotaomicron chondroitin lyase II (about 3 kilobases) has been cloned on a 7.8-kilobase EcoRI fragment in pBR328 (3).
The recombinant plasmid that contains the cloned chondroitin lyase II gene (pA818) was labeled with 32P by nick translation (12) and used to probe EcoRI digests of Bacteroides sp. strain 3452A, B. ovatus, and B. thetaiotaomicron chromosomal DNA. Southern blot analysis, plasmid isolation, and restriction endonuclease digestions were performed as described previously (3, 11) . Chromosomal DNA was isolated by the method of Saito and Miura (13) . High-stringency conditions were as follows: hybridization at 42°C (50% formamide) followed by two washes with 0.2% SDS in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 60°C and two washes with 0.2% SDS in 0.5x SSC at 50°C. Low-stringency conditions were as follows: hybridization at 42°C (no formamide) followed by two washes with 0.2% SDS in 2x SSC at 25°C and two washes with 0.2% SDS in 0.5x SSC at 50°C.
Western blot analysis. Antiserum was obtained by inoculating a New Zealand White rabbit with purified B. thetaiotaomicron chondroitin lyase II. To avoid possible crosscontamination with chondroitin lyase I, chondroitin lyase II was purified from an E. coli clone containing pA818, a plasmid that carries the cloned chondroitin lyase II gene from B. thetaiotaomicron (3) . Chondroitin lyase I and II from the three Bacteroides species were resolved on a 10% SDS-polyacrylamide gel and then blotted as described by Kranz and Gennis (7) . Hybridizing antibody was detected with 125I-labeled protein A from Staphylococcus aureus (7).
Outer membrane polypeptides. Outer membranes of Bacteroides sp. strain 3452A and B. ovatus were obtained as described by Kotarski and Salyers (6) . Inner membrane contamination was less than 10%, as determined by the succinic acid dehydrogenase assay (6) . SDS-PAGE gel analysis of outer membrane polypeptides was performed on an 8 to 20% polyacrylamide gradient gel as described previously (6) .
RESULTS
Location and purification of chondroitin lyases. In both B.
ovatus and Bacteroides sp. strain 3452A, chondroitin lyase activity was cell associated and partitioned with soluble protein rather than with membranes. The effect of various purification steps on chondroitin lyase specific activity is shown in Table 1 . Chromatography of the DEAE effluent on a heparin-agarose column resolved the chondroitin lyase activity of each species into two separate peaks. For both B.
ovatius and Bacteroides sp. strain 3452A, one peak (chondroitin lyase I) eluted from the column at ca. 0.3 M NaCl and a second peak (chondroitin lyase II) eluted from the column at ca. 0.4 M NaCl (Fig. 1) . Chondroitin lyase II of both species generally appeared as a single band on a SDS-PAGE gel (Mr, ca. 107,000) after purification through heparin-agarose, although minor contaminants were present in some preparations. Chondroitin lyase I preparations from both species after purification through heparin-agarose contained a number of minor contaminants. The predominant protein in chondroitin lyase I preparations had a molecular weight of ca. 113,000. Further purification of chondroitin lyase I could be achieved by chromatography on cellulose phosphate (9), but yields were low and the preparations still contained more than one protein. VOL. 51, 1986 APPL. ENVIRON. MICROBIOL. ovatus, Bacteroides sp. strain 3452A, and B. thetaiotaomicron, as determined by SDS-PAGE, were similar and fell within a molecular weight range of 106,000 to 115,000 (Fig.  3) . The molecular weights that were estimated from migration distances in the SDS-PAGE gel are compared in Table  2 . Undenatured molecular weights, estimated by chromatography on Sephacryl S-300, are also compared in Table 2 . In general, the molecular weight of chondroitin lyase I from the three species was about 6,000 greater than the molecular weight of the corresponding chondroitin lyase II (Fig. 3) . Molecular weight differences of the chondroitin lyases were reproducible when different enzyme preparations were used.
Typical partial peptide digests of chondroitin lyases (I and II) from the three species are shown in Fig. 4 (Fig. 6) .
Regulation of chondroitin lyase activity. The chondroitin lyases of B. ovatus and Bacteroides sp. strain 3452A were regulated by chondroitin sulfate. After bacteria that had been grown in glucose-limited continuous culture were exposed to chondroitin sulfate, the chondroitin lyase specific activity increased 10-to 30-fold within 90 min. The rate at which the specific activity increased was similar for all three species (data not shown). fi.
- Outer membrane polypeptides. We previously found evidence of differences in outer membrane polypeptide composition when B. thetaiotaomicron was grown on chondroitin sulfate rather than on glucuronic acid, a component of chondroitin sulfate (5) (Fig. 7) . In one-dimensional gels of outer membranes from B. ovatus cells, there were three polypeptides (Mr, ca. 105,000, 35,000, and 28,000) that appeared to le produced at higher levels when bacteria were grown on chdndroitin sulfate. Also, a number of polypeptide Optical densities at 650 nm were 0.8 to 0.9 in all cases. The concentrations of cell dry weight (average of results of two separate chemostat experiments) were 0.41 mg/ml (B. thetaiotaomicron), 0.39 mg/ml (B. ovatus), and 0.38 mg/ml (Bacteroides sp. strain 3452A). These differences were not significant. Chondroitin lyase specific activities of bacteria growing in continuous culture (average of results from two separate experiments) also did not differ significantly: 0.58 U/mg of protein (B. thetaiotaomicron), 0.58 U/mg of protein (B. ovatus), and 0.54 U/mg of protein (Bacteroides sp. strain 3452A). Growth rates in batch culture were identical (data not shown).
DISCUSSION The results of this study show that the chondroitin lyases of B. thetaiotaomicron, B. ovatus, and Bacteroides sp. strain 3452A are quite distinct at the molecular level. This can be seen from differences in the peptide digest patterns of the chondroitin lyases from the different species (Fig. 4) . Also, a cloned fragment containing the gene that codes for the chondroitin lyase II from B. thetaiotaomicron crosshybridized with DNA from the other two Bacteroides species only when low-stringency conditions were used. Finally, antiserum raised against purified B. thetaiotaomicron chondroitin lyase II did not cross-react with chondroitin lyase II from B. ovatus or from Bacteroides sp. strain 3452A.
The failure of the anti-chondroitin lyase II antiserum to cross-react indicates that the amino acid sequence of the B.
thetaiotaomicron chondroitin lyase II is quite different from that of chondroitin lyase II from B. ovatus or Bacteroides sp. strain 3452A. However, it is also possible that this antiserum only detects a few epitopes on the protein. If so, the lack of cross-reactivity could be the result of a relatively small number of changes. The fact that there is detectable crosshybridization between a clone which contains the gene for chondroitin lyase II and DNA from B. ovatus and Bacteriodes sp. strain 3452A when low-stringency hybridization conditions were used indicates that there may be some homology between the DNA sequences of the chondroitin lyase II genes from the three species. However, sequences within the cloned fragment which lie outside the chondroitin lyase II gene could be responsible for some of the observed homology. Despite differences at the molecular level, the chondroitin lyases from the three species were very similar at the functional level, i.e., they had similar pH optima, specific activities, fractionation properties, and Km values ( Table 2 ).
All three species have outer membrane polypeptides that appear to be regulated by polypeptides. Some polypeptide bands decreased in intensity, and others were enhanced when bacteria were grown on chondroitin sulfate rather than on glucuronic acid. However, the molecular weights of the chondroitin sulfate-associated outer membrane polypeptides of the three species differed. Since the function of these polypeptides is now known, it was not possible to assess their functional similarity directly. Nonetheless, it is interesting to note that the outer membrane of all three species responded to growth on chondroitin sulfate in a similar way. Despite differences at the molecular level among the chondroitin lyases and chondroitin sulfate-associated proteins of the different species, the general features of chondroitin sulfate utilization, such as the cellular location of the enzymes and regulation of the enzymes and outer membrane polypeptides by chondroitin sulfate, were the same in all three species. Moreover, there was no detectable difference in the efficiency of chondroitin sulfate utilization, as measured by growth yields and chondroitin lyase specific activities of bacteria growing in continuous culture, growth rates in batch culture, and rate of chondroitin lyase induction. Apparently, considerable changes can occur at the molecular level without significantly affecting the overall functioning of the system. There may be more subtle effects that cannot be detected by these techniques, and such effects could be significant for organisms in the colon. However, at the level of the intact cell, the three species appear to be virtually identical with respect to chondroitin sulfate utilization.
Our findings support the hypothesis that all three Bacteroides species originally had the same set of genes coding for proteins involved in utilization of chondroitin sulfate, but that divergence due to mutation has occurred. Since the differences observed are consistent with the low DNA-DNA cross-homologies of these species (30 to 40%), it appears that there is no strong selection for conservation of the sequences of genes associated with chondroitin sulfate utilization. The fact that the general features of the chondroitin sulfate utilization system have been preserved indicates that such features as cellular location and regulation of the enzymes, production of two similar chondroitin lyases, and the possible involvement of outer membrane polypeptides may be essential for the utilization of chondroitin sulfate. Recently, in apparent contradiction to this, we found that a mutant of B. thetaiotaomicron that produces chondroitin lyase I but not active chondroitin lyase II can still grow in batch culture on chondroitin sulfate (E. P. Guthrie and A. A. Salyers, submitted for publication). However, it is still possible that both enzymes are necessary for efficient utilization of chondroitin sulfate under conditions encountered in the colon.
